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The  detailed  structural  change  in  the  charge-discharge  process  was  investigated  for  the  20mol% 
aluminum-substituted  a-nickel  hydroxide  by  using  high-energy  synchrotron  X-ray  diffraction  (XRD),  X- 
ray  absorption  fine  structure  (XAFS)  and  transmission  electron  microscopy  (TEM)  analysis.  The  20mol% 
aluminum-substituted  a-nickel  hydroxide  showed  the  a-Ni(OH)2/7-NiOOH  phase  transformation  in  the 
charge-discharge  process.  The  structural  refinement  has  been  done  successfully  on  the  basis  of  two  phase 
models  of  the  ideal  phases  and  the  fault  ones,  including  the  occupation  sites  for  the  potassium  ions  and 
H20  (OH-)  molecules.  The  substituted  aluminum  ions  were  situated  on  both  nickel  sites  and  18h  sites  in 
the  interlayer.  The  a-Ni(OH)2  structure  would  be  stabilized  by  the  presence  of  the  aluminum  ions  on  the 
18h  sites.  The  a-Ni(OH)2  phases  were  transformed  to  the  (3-Ni(OH)2  phases  after  50  cycles  because  the 
aluminum  ions  on  the  18h  sites  would  be  migrated  from  the  bulk  to  the  surface. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nickel-metal  hydride  (Ni-MH)  battery  has  been  widely  used 
in  the  high  power  applications  such  as  the  power  assist  bicy¬ 
cles,  the  power  tools  and  the  hybrid  electric  vehicles  (HEVs). 
Many  studies  have  been  done  for  the  development  of  the  high 
capacity  Ni-MH  battery.  Spherical  nickel  hydroxide  [Ni(OH)2]  was 
coated  with  the  cobalt  oxyhydroxide  because  of  the  increase  of  the 
active  material  utilization  [1  ].  Rare  earth-Mg-Ni-based  alloys  such 
as  La0.6Pro.2Mgo.2Ni3.2Coo.3(MnAl)o.2  showed  the  higher  discharge 
capacity  and  the  superior  cycle  performance  as  compared  to  the 
conventional  alloy  such  as  AB5  and  AB2  phase  [2]. 

Recently,  a-Ni(OH)2  has  received  much  attention  as  active  mate¬ 
rial  for  the  positive  electrode  of  advanced  Ni-MH  batteries.  Larger 
discharge  capacities  could  be  obtained  for  a-Ni(OH)2/7-NiOOH 
redox  couple  because  the  oxidation  state  of  nickel  in  the  7-NiOOH 
reaches  33-3.7  [3].  Pure  a-Ni(OH)2  is  unstable  in  the  alkaline  elec¬ 
trolyte,  being  easily  transformed  to  the  p-Ni(OH)2.  The  a-Ni(OH)2 
structure  could  be  stabilized  by  the  substitution  of  the  nickel  ions 
in  the  Ni(OH)2  by  the  trivalent  aluminum  ions  over  20mol%  [4-8]. 
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The  efforts  were  not  successful  because  the  aluminum  ions  were 
dissolved  to  the  electrolyte  in  the  charge-discharge  process  [7]. 

The  ideal  p-Ni(OH)2  structure  consists  of  close-packed  oxy¬ 
gen  planes  with  ABABAB  stacking  sequence  along  the  c  direction. 
Recently,  two  models  of  stacking  faults  have  been  reported  to  be 
exist  in  the  p-Ni(OH)2  structure,  i.e.,  the  growth  fault  and  the  defor¬ 
mation  fault  [9,10].  The  both  stacking  faults  lead  to  ABABCBCB  and 
ABABCACA  oxygen  packing  along  the  c  direction,  respectively.  The 
presence  of  those  stacking  faults  could  explain  the  decrease  in  the 
X-ray  diffraction  (XRD)  peak  intensity. 

The  purpose  of  this  work  is  to  make  clear  the  struc¬ 
tural  change  in  the  charge-discharge  process  for  the  20mol% 
aluminum-substituted  a-nickel  hydroxide  by  using  synchrotron 
XRD,  X-ray  absorption  fine  structure  (XAFS)  and  transmission  elec¬ 
tron  microscopy  (TEM)  analysis. 

2.  Experimental 

The  spherical  aluminum-substituted  a-nickel  hydroxides  (par¬ 
ticle  size:  10  pun)  used  in  this  work  were  prepared  by  the  reaction 
crystallization  process  as  follows:  a  mixed  metal  nitrate  solution 
(1.6  mol  dm-3  total  concentration)  containing  the  nickel  and  the 
aluminum  in  the  required  stoichiometric  ratio  ( [Al]/[Ni  +  Al]  =  20), 
14wt%  of  the  ammonia  solution  and  40wt%  of  the  NaOH  solu¬ 
tion  was  added  to  the  deionized  water  with  constant  stirring 
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Fig.  1.  The  charge  curves  at  the  0.15  C  rate  and  the  discharge  curves  at  the  0.3  C  rate 
for  the  Ni-MH  test  cells  using  |3-Ni(OH)2  and  the  20%  Al  a-Ni(OH)2. 

at  45  °C.  The  pH  of  the  solution  was  controlled  in  the  range  of 
11-11.5.  The  precipitated  green  gel  was  filtered,  washed  copiously 
to  neutralize,  and  then  dried  at  60-70  °C  in  air.  The  chemical 
compositions  of  the  nickel  and  the  aluminum  in  the  aluminum- 
substituted  nickel  hydroxides  were  determined  by  an  inductively 
coupled  argon  plasma  emission  spectrophotometer.  The  20  mol% 
aluminum-substituted  a-nickel  hydroxide  is  called  the  20%  Al  a- 
Ni(OH)2. 

The  cobalt-  and  zinc-substituted  p-nickel  hydroxides  used  for 
the  commercialized  batteries  were  used  as  the  standard  materi¬ 
als  for  the  comparison.  The  content  of  the  cobalt  and  the  zinc 
coprecipitated  in  the  p-nickel  hydroxide  were  5.37  and  3.37  wt%, 
respectively.  The  p-nickel  hydroxide  is  called  the  p-Ni(OH)2. 

The  nickel  hydroxide  electrodes  were  prepared  as  follows: 
the  nickel  hydroxide  powder  was  mixed  with  10wt%  cobalt 
hydroxide  powder,  0.5  wt%  carboxymethyl  cellulose  and  0.5  wt% 
poly(tetrafluoroethylene)  in  order  to  make  the  slurry.  The  Co(OH)2 
was  transformed  to  the  CoOOH  with  high  electrical  conductivity 
in  the  charging  process.  This  slurry  was  packed  in  a  nickel  foam 
substrate.  After  drying  at  70  °C,  the  nickel  hydroxide  electrode  was 
roll-pressed.  The  nickel  hydroxide  electrode  was  wrapped  with 
a  sulfonated-polypropylene  nonwoven  fabric  separator,  and  then 
placed  between  two  sheets  of  an  MH  electrode  using  an  Mm(Ni,  Co, 
Mn,  Al)5-type  hydrogen  storage  alloy.  These  electrodes  were  sand¬ 


wiched  between  two  acryl  resin  plates,  and  then  soaked  into  the 
6.8  M  KOH  electrolyte.  The  Ni-MH  test  cell  limited  with  the  nickel 
hydroxide  electrode  capacity  was  constructed  with  the  Hg/HgO 
electrode  as  a  reference  electrode. 

The  charge-discharge  cycling  test  was  carried  out  at  20  °C  using 
a  charge-discharge  machine  (2  V 10  A,  Hokuto  Denkou  Ltd.,  Japan). 
For  the  activation,  the  nickel  hydroxide  electrode  was  charged 
at  the  0.02  C  rate  for  12  h  and  0.1  C  rate  for  9h,  and  then  dis¬ 
charged  at  the  0.3  C  rate  to  0  V  vs.  Hg/HgO  electrode.  The  20  and 
50  charge-discharge  cycles  were  performed  by  the  charging  at  the 
0.15  C  rate  and  the  discharging  at  the  0.3  C  rate  to  0  V  vs.  Hg/HgO 
electrode.  The  value  of  1.0  for  the  number  of  exchanged  electron 
(NEE)  per  one  nickel  atom  corresponds  to  100%  of  the  depth  of  the 
charge  (DOC).  The  nickel  hydroxide  electrodes  were  charged  in  the 
range  of  50-225%  of  DOC,  that  is,  0.5-2.25  of  NEE. 

The  nickel  hydroxide  electrodes  were  taken  out  from  the  test 
cells  at  the  various  values  of  NEE  after  20  and  50  charge-discharge 
cycles,  and  then  dried  in  the  vacuum.  The  electrodes  were  cut  in 
small  pieces  to  get  the  nickel  hydroxide  powders.  The  metallic  Ni 
due  to  the  nickel  foam  was  removed  using  the  magnet  from  the 
powders. 

The  XRD  measurement  samples  were  prepared  by  filling  the 
powders  in  the  glass  capillary  of  cp  0.3  mm.  The  XRD  measurements 
were  conducted  using  a  large  Debye-Scherrer  camera  with  an  imag¬ 
ing  plate  at  the  BL19B2  beam  line,  the  synchrotron  radiation  facility 

Table  1 

The  calibrated  values  of  each  shell  for  the  pure  (3-Ni(OH)2,  the  pure  (3-NiOOH,  the 
pure  7-NiOOH,  20%  Al  a-Ni(OH)2>  and  20%  Al  7-NiOOH. 


Fig.  2.  The  XRD  patterns  for  the  20%  Al  a-Ni(OH)2  obtained  at  various  values  of  NEE. 
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Fig.  4.  The  observed  XRD  patterns  and  calculated  ones  on  the  basis  of  the  Rietveld 
refinements  for  the  20%  Al  a-Ni(OH)2  obtained  at  NEE  =  0  and  2.25. 


SPring-8,  Japan.  The  diffraction  patterns  were  recorded  in  the  20 
range  of  0.01-78°.  The  wavelength  were  calibrated  to  A  =  0.75  A. 
The  measurement  time  of  the  XRD  was  300  s.  The  crystal  struc¬ 
tural  analyses  were  conducted  with  the  Rietveld  method  using  the 
program  RIETAN-2000  [11  ]. 

A  |3-Ni(OH)2,  a  |3-NiOOH  synthesized  electrochemically,  and  a  7- 
NiOOH  synthesized  chemically  as  follows  were  used  as  the  standard 
materials  for  the  X-ray  absorption  fine  structure  (XAFS)  measure¬ 
ment.  The  p-NiOOH  was  prepared  by  charging  the  p-Ni(OH)2  up  to 
1.5  times  of  the  theoretical  capacity  (433  mAh  g-1 )  in  the  7  M  NaOH 
electrolyte,  under  which  condition  the  7-NiOOH  was  not  formed. 
The  7-NiOOH  was  prepared  by  oxidizing  chemically  the  p-Ni(OH)2 
in  the  8  M  KOH  solution  containing  12%  sodium  hypochlorite  as  an 
oxidizing  reagent. 

The  nickel  hydroxide  powders  were  mixed  with  the  boron 
nitride  powders  in  order  to  make  into  pellets  of  10  mm  in  diameter 
for  the  XAFS  measurement.  The  XAFS  measurement  was  conducted 
using  the  BL14B2  beam  line  at  SPring-8,  Japan.  The  measure¬ 
ment  was  conducted  using  the  transmission  detection  modes  at 
room  temperature.  The  Ni  K-edge  XAFS  spectra  were  recorded 
in  the  energy  range  of  8015-9855  eV.  The  measurement  time  of 
the  XAFS  spectra  was  60  s.  The  exact  values  of  each  shell  for  the 


20%  Al  a-Ni(OH)2  were  calibrated  by  using  the  program  REX2000 

[12]. 

The  electron  diffraction  (ED)  and  the  TEM  analysis  samples  were 
prepared  using  a  microtome  machine.  The  ED  patterns  and  the  TEM 
images  were  taken  with  a  JEOL  JEM-3000F  transmission  electron 
microscopy  at  accelerating  voltage  of  300  kV.  They  were  collected 
with  the  exposure  for  several  seconds  to  minimize  beam  damage. 

3.  Results  and  discussion 

Fig.  1  shows  the  charge-discharge  curves  of  the  Ni-MH  test 
cells  using  the  p-Ni(OH)2  and  the  20%  Al  a-Ni(OH)2  after  20 
charge-discharge  cycles.  The  p-Ni(OH)2  showed  two  plateaus  cor¬ 
responding  to  the  p-Ni(OH)2/p-NiOOH  couple  reaction  and  the 
oxygen  evolution  reaction  in  the  charging  process.  The  20%  Al 
a-Ni(OH)2  showed  a  slowly  increased  charge  potential,  and  the 
plateau  potential  for  the  oxygen  evolution  at  the  end  of  the  charge. 
The  NEE  values  are  estimated  to  be  1.06  for  the  |3-Ni(OH)2,  and 
1.43  for  the  20%  Al  a-Ni(OH)2  in  the  discharging  process.  The  dis¬ 
charge  capacity  for  the  20%  Al  a-Ni(OH)2  was  higher  than  that  for 
the  p-Ni(OH)2. 

Fig.  2  shows  the  XRD  patterns  for  the  20%  Al  a-Ni(OH)2  obtained 
at  various  values  of  NEE.  At  NEE  =  0,  the  XRD  patterns  could  be  iden¬ 
tified  as  a  pure  a-Ni(OH)2.  With  increasing  the  NEE  values,  the  peak 
intensities  due  to  the  a-Ni(OH)2  were  decreased,  while  new  peaks 
due  to  7-NiOOH  appeared  at  7°  and  12°.  At  NEE  =  2.25,  the  XRD 
pattern  were  characterized  as  the  7-NiOOH.  The  20%  Al  a-Ni(OH)2 
showed  the  a-Ni(OH)2/7-NiOOH  phase  transformation. 

Fig.  3  shows  the  observed  Ni-K  edge  XAFS  spectra  for  the  20%  Al 
a-Ni(OH)2  and  7-NiOOH.  The  calibrated  values  of  each  shell  for  the 
samples  using  the  program  REX2000  are  summarized  in  Table  1. 
The  observed  peaks  at  the  shorter  distance  side  would  be  ascribed 
to  the  first  shell  of  the  Ni-0  bonds,  and  the  ones  at  the  longer  dis¬ 
tance  side  would  be  ascribed  to  the  second  shell  of  the  Ni-Ni  bonds. 
The  calibrated  values  of  the  Ni-0  and  the  Ni-Ni  distance  for  the 
20%  Al  a-Ni(OH)2  were  in  good  agreement  with  the  expected  val¬ 
ues  for  the  (3-Ni(OH)2.  The  nickel  atom  is  surrounded  by  six  oxygen 
atoms  at  a  distance  of  about  2.04  A.  There  are  six  nearest  nickel 
atoms  at  a  distance  of  about  3.10  A.  The  calibrated  values  of  the 
Ni-0  and  the  Ni-Ni  distances  for  the  20%  Al  7-NiOOH  were  1.88 
and  2.83  A,  in  good  agreement  with  the  expected  values  for  the  7- 
NiOOH.  Based  on  the  XAFS  results,  the  z  positions  of  the  oxygen 
were  estimated  to  be  0.043  for  the  20%  Al  a-Ni(OH)2,  and  0.041  for 
the  20%  Al  7-NiOOH,  respectively.  Those  values  were  used  for  the 
Rietveld  refinements. 


Table  2 

Summary  of  the  R  factors  and  the  crystallographic  parameters  for  the  20  mol%  Al  a-Ni(OH)2  and  7-NiOOH  obtained  at  various  values  of  NEE  determined  by  the  Rietveld 
refinements. 
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20  %A1  a-Ni(OH)2 


20  %A1  y-NiOOH 


Ni  or  Al 


Charge 


Ni  or  Al 


H,0 

(OH) 


Al 


20  %A1  a-Ni(OH)-, 


20  %A1  Y-NiOOH 


Ni  or  Al 


•:  Ni  or  Al,  •:  Al,  •:  O,  •:  K,  :  H20,  OH 


Ni  or  Al,  •:  Al,  •:  O,  •:  K,  :  H20,  OH' 


(a)  Ideal  phase 


(b)  Fault  phase 


Fig.  5.  Structural  models  of  the  ideal  phases  and  the  fault  phases  for  the  20%  Al  a-Ni(OH)2  and  20%  Al  7-NiOOH. 


Fig.  4  compares  the  observed  XRD  patterns  and  calculated  ones 
on  the  basis  of  the  Rietveld  refinements  for  the  20%  Al  a-Ni(OH)2  at 
various  values  of  NEE  after  20  charge-discharge  cycles.  When  the 
previous  structural  models  constituted  with  only  the  nickel  ions 
and  the  oxygen  ions  were  applied  to  the  20%  Al  a-Ni(OH)2  [13,14], 
it  was  difficult  to  refine  those  structures  due  to  the  low  degree  of 
the  crystallinity  of  the  nickel  hydroxides  and  the  broadening  of  the 
XRD  peaks. 

We  have  succeeded  in  refining  the  structural  data  of  synchrotron 
XRD  and  XAFS  obtained  for  the  20%  Al  a-Ni(OH)2  on  the  basis  of 
the  following  assumptions,  (i)  The  fault  phases  such  as  the  stak¬ 
ing  fault  exist  in  the  20%  Al  a-Ni(OH)2.  The  nickel  ions  occupy 
the  (0,  0,  0)  sites  for  the  ideal  phases  and  the  (2/3,  1/3,  0)  sites 
for  the  fault  ones,  causing  the  decrease  in  the  peak  intensities;  (ii) 
the  substituted  aluminum  ions  could  occupy  both  nickel  sites  and 
18h  sites  in  the  interlayer;  (iii)  the  intercalated  potassium  ions  and 
H20  molecules  are  located  on  the  6c  and  18h  sites,  respectively. 
As  shown  in  Fig.  4,  the  RWp  values  of  those  patterns  were  below 
10%,  showing  good  agreement  between  the  observed  and  calcu¬ 


lated  patterns.  The  structural  parameters  for  the  20%  Al  a-Ni(OH)2 
at  various  values  of  NEE  derived  from  the  Rietveld  refinements  are 
summarized  in  Table  2. 

The  structural  models  of  the  ideal  and  fault  phases  for  a  20%  Al 
a-Ni(OH)2  (a)  and  a  20%  Al  7-NiOOH  (b)  is  illustrated  in  Fig.  5.  The 
a-Ni(OH)2  was  refined  with  the  R-3m  space  group,  which  has  the 
highest  symmetry  among  rhombohedral  systems.  This  structure 
consists  of  the  oxygen  planes  with  an  AABBCC  stacking  sequence. 
The  nickel  ions  occupied  the  (0,  0,  0)  sites  for  the  ideal  a-Ni(OH)2 
phases  and  the  (2/3,  1/3,  0)  sites  for  the  fault  ones,  respectively. 
The  aluminum  ions  were  situated  on  both  the  nickel  sites  and  the 
18h  sites  in  the  interlayer  because  the  aluminum  ions  could  not  be 
situated  on  the  nickel  sites  over  10mol%.  The  a-Ni(OH)2  structure 
could  be  stabilized  by  the  presence  of  the  aluminum  ions  on  the 
18h  sites. 

The  7-NiOOH  was  built  with  the  R-3m  symmetry  rule.  The  nickel 
ions  occupied  the  (0,  0,  0)  sites  for  the  ideal  7-NiOOH  phases  and 
the  (2/3,  1/3,  0)  sites  for  the  fault  ones,  respectively.  The  z  posi¬ 
tions  of  the  oxygen  ions  were  changed  from  0.043  to  0.041  by  the 


Table  3 

The  atomic  parameters  for  the  20%  Al  a-Ni(OH)2  and  7-NiOOH  used  for  the  Rietveld  refinements.  g=  Site  occupancy,  B  =  overall  isotropic  atomic  displacement  parameter. 


Ideal  a-Ni(OH)2  (space  group:  R3m)  Fault  a-Ni(OH)2  (space  group:  R3m) 


X 

y  2 

g 

B(A2) 

X 

y 

z 

g 

B(A2) 

M  (3al) 

0 

0  0 

1 

0.5 

2/3 

1/3 

0 

1 

0.5 

Al  (18hl) 

0.6666 

-x  0.5387 

0.0167 

0.6485 

0.6668 

-X 

0.5271 

0.0167 

0.2729 

01 (6cl) 

1/3 

-1/3  0.0430 

1 

0.5 

1/3 

-1/3 

0.0430 

1 

0.5 

K (6c2) 

1/3 

-1/3  0.1031 

0.1655 

0.5603 

1/3 

-1/3 

0.1024 

0.2268 

0.3667 

02  (18h2) 

0.184 

-x  0.5103 

0.1270 

0.6843 

0.184 

-X 

0.5031 

0.4270 

0.3873 

(M;  Ni:Al  =  9:l,  02;  OH~ 

or  H20) 

Ideal  7-NiOOH  (space  group:  R3m) 

Fault  7-NiOOH  (space  group:  R3m) 

X 

y  2 

g 

B(  A2) 

X 

y 

z 

g 

B(  A2) 

M  (3al) 

0 

0  0 

1 

0.5 

2/3 

1/3 

0 

1 

0.5 

Al  (18hl) 

0.6669 

-x  0.5576 

0.0167 

0.0299 

0.6668 

-X 

0.5641 

0.0167 

0.7645 

01 (6cl) 

1/3 

-1/3  0.0410 

1 

0.5 

1/3 

-1/3 

0.0410 

1 

0.5 

I<  (6c2) 

1/3 

-1/3  0.1028 

0.2877 

0.1532 

1/3 

-1/3 

0.0929 

0.3673 

0.3807 

02  (18h2) 

0.184 

-x  0.5055 

0.1557 

1.0570 

0.184 

-X 

0.4859 
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Fig.  6.  The  phase  abundance  for  the  20%  Al  a-Ni(OH)2  obtained  at  various  values  of 
NEE. 


phase  transformation  from  the  a-Ni(OH)2  to  the  7-NiOOH  because 
of  the  decrease  in  the  ionic  radius  of  the  nickel  ions.  On  the  charg¬ 
ing  process,  the  aluminum  ions  on  the  nickel  sites  did  not  migrate, 
while  those  on  18h  sites  slightly  migrated.  The  intercalated  potas¬ 
sium  ions  and  H20  (OH-)  molecules  were  located  on  6c  and  18h 
sites  in  both  the  a-Ni(OH)2  and  7-NiOOH  phases,  respectively.  It 
was  found  that  the  fault  a-Ni(OH)2  and  7-NiOOH  phases  contained 
a  larger  amount  of  the  potassium  ions  and  H20  (OH-)  molecules 
than  the  ideal  ones.  The  atomic  parameters  for  the  20%  Al  a-Ni(OH)2 
and  7-NiOOH  used  for  the  Rietveld  refinements  are  summarized  in 
Table  3. 

Fig.  6  shows  phase  abundance  for  the  20%  Al  a-Ni(OH)2  obtained 
at  various  values  of  NEE.  At  NEE  =  0,  the  phase  abundance  for  the 
ideal  and  fault  a-Ni(OH)2  phases  was  76  and  20%,  respectively.  The 
phase  abundance  for  the  7-NiOOH  phases  was  increased  with  the 
increase  in  the  NEE  values.  The  total  amount  of  the  7-NiOOH  phases 
reached  27%  at  NEE  =  0.5,  49%  at  NEE  =  1.0,  and  79%  at  NEE  =  1.5.  At 
NEE  =  2.25,  the  a-Ni(OH)2  phases  were  completely  transformed  to 
the  7-NiOOH  phases.  The  phase  abundance  for  the  ideal  and  fault 
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Fig.  7.  The  lattice  parameters  for  the  20%  Al  a-Ni(OH)2  and  20%  Al  7-NiOOH  obtained 
at  various  values  of  NEE. 


7-NiOOH  phases  was  79  and  19%,  respectively.  The  CoOOH  as  con¬ 
ductive  materials  appeared  at  all  the  NEE  values. 

Fig.  7  shows  the  change  of  the  lattice  parameters  for  the  20%  Al 
a-Ni(OH)2  in  the  charge-discharge  processes.  The  phase  transfor¬ 
mation  from  the  a-Ni(OH)2  to  the  7-NiOOH  was  accompanied  by 
the  decrease  in  the  a  and  c  lattice  constant  because  of  the  decrease 
in  the  ionic  radius  of  nickel  (Ni2+  (0.69  A),  Ni3+  (0.56  A),  and  Ni4+ 
(0.48  A))  on  the  nickel  sites  [15].  The  c  lattice  constant  for  the 
fault  phases  was  slightly  larger  than  those  for  ideal  phases.  The 
lattice  volume  change  (21.3%)  for  the  a-Ni(OH)2/7-NiOOH  phase 


Fig.  8.  The  ED  patterns  for  (A)  the  20%  Al  a-Ni(OH)2  and  (B)  the  20%  Al  7-NiOOH. 
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Table  4 

The  observed  d-values  for  the  20%  Al  a-Ni(OH)2  and  7-NiOOH  derived  from  the  XRD  patterns  and  the  ED  patterns. 


20%  Al  a-Ni(OH)2 

20%  Al  7-NiOOH 

(hkl) 

d-Values  for  XRD  patterns  (nm) 

d-Values  of  ED  patterns  (nm) 

(hkl) 

d-Values  for  XRD  patterns  (nm) 

d-Values  of  ED  patterns  (nm) 

003 
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Fig.  9.  The  high-resolution  TEM  images  for  (A)  the  20%  Al  a-Ni(OH)2  and  (B)  the  20%  Al  7-NiOOH. 


transformation  was  much  larger  than  those  (14.2%)  for  the  p- 
Ni(OH)2/p-NiOOH  phase  transformation. 

Fig.  8(A)  and  (B)  shows  the  electron  diffraction  (ED)  patterns 
for  the  20%  Al  a-Ni(OH)2  and  7-NiOOH,  respectively.  The  20%  Al  a- 
Ni(OH)2  and  7-NiOOH  were  transformed  to  the  NiO  by  the  exposure 
to  the  electron  beam  for  long  time.  The  stacking  faults  for  the  20% 
Al  a-Ni(OH)2  and  7-NiOOH  could  be  observed  for  several  seconds 
using  the  thinner  sample  prepared  by  a  microtome  machine. 

Those  ED  patterns  were  indexed  on  the  basis  of  a  rhombohedral 
unit  cell.  The  observed  d-values  for  the  ED  patterns  were  in  agree¬ 


Fig.  10.  The  cycle  performance  for  the  Ni-MH  test  cell  using  the  20%  Al  a-Ni(OH)2. 


ment  with  those  for  the  XRD  patterns.  This  result  shows  that  the 
samples  were  not  damaged  by  the  electron  beam.  The  observed  d- 
values  for  the  20%  Al  a-Ni(OEI)2  and  the  20%  Al  7-NiOOH  derived 
from  the  ED  patterns  and  the  XRD  patterns  are  summarized  in 
Table  4. 

Fig.  9(A)  and  (B)  shows  the  TEM  images  for  the  20%  Al  a-Ni(OEI)2 
and  7-NiOOEI,  respectively.  The  samples  are  the  polycrystal  consist¬ 
ing  of  the  rod-like  grains  with  the  layered  structure.  The  observed 
values  of  the  layer  distance  in  the  grains  were  estimated  to  be  0.8  nm 
for  the  a-Ni(OH)2  and  0.7  nm  for  the  7-NiOOEI,  respectively,  in 


Fig.  11.  The  charge-discharge  curves  for  the  Ni-MH  test  cells  using  the  20%  Al  a- 
Ni(OH)2  after  50  charge-discharge  cycles. 
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Table  5 

Summary  of  the  R  factors  and  the  crystallographic  parameters  for  the  20%  Al  Ni(OH)2  obtained  at  various  values  of  NEE  determined  by  the  Rietveld  refinements  after  50 
charge-discharge  cycles. 


20  %A1  Ni(OH)2  after  50  cycles 


Fig.  12.  The  XRD  patterns  for  the  20%  Al  a-Ni(OH)2  obtained  at  various  values  of 
NEE  after  50  charge-discharge  cycles. 


agreement  with  the  c  lattice  constant  derived  from  the  XRD  patterns 
for  each  sample.  The  enlarged  TEM  images  showed  the  disordered 
stacking  structure  as  pointed  with  arrows  in  Fig.  9,  suggesting  the 
presence  of  stacking  faults  for  the  20%  Al  a-Ni(OH)2  and  7-NiOOH. 
Similar  stacking  faults  have  been  reported  for  p-Ni(OH)2  [16]. 

Fig.  10  shows  the  cycle  performance  for  the  Ni-MH  test  cells 
using  the  20%  Al  a-Ni(OH)2.  The  NEE  values  reached  1.41  at  20 
cycles,  and  then  were  decreased  up  to  1.26  at  50  cycles.  The  NEE 
values  decrease  after  50  cycles  because  of  the  phase  transformation 
from  the  a-Ni(OH)2  to  the  |3-Ni(OH)2. 

Fig.  11  shows  the  charge-discharge  curves  for  the  Ni-MH  test 
cells  using  the  20%  Al  a-Ni(OH)2  after  20  and  50  charge-discharge 
cycles.  The  charge  potential  was  increased  and  the  discharge  poten¬ 
tial  was  decreased  after  50  cycles,  suggesting  the  increase  in  the 
internal  resistance. 

Fig.  12  shows  the  XRD  patterns  for  the  20%  Al  a-Ni(OH)2  at 
various  values  of  NEE  after  50  charge-discharge  cycles.  At  NEE  =  0, 
the  XRD  patterns  are  characterized  as  the  mixture  phases  of  an  a- 
Ni(OH)2  and  a  p-Ni(OH)2.  The  phase  abundance  for  the  a-Ni(OH)2 
and  the  p-Ni(OH)2  was  about  49.9  and  39.0%,  respectively.  The  20% 
Al  a-Ni(OH)2  became  unstable  in  the  long  charge-discharge  pro¬ 
cess  because  the  aluminum  ions  on  the  18h  sites  would  be  migrated 
from  the  bulk  to  the  surface.  At  NEE  =  2.25,  both  the  a-Ni(OH)2  and 
the  p-Ni(OH)2  were  transformed  to  the  7-NiOOH.  The  structural 
parameters  for  the  20%  Al  a-Ni(OH)2  at  various  values  of  the  NEE 
derived  from  the  Rietveld  refinements  after  50  cycles  are  summa¬ 
rized  in  Table  5. 


4.  Conclusion 

The  detailed  structure  change  in  the  charge-discharge  process 
has  been  revealed  for  a  20%  Al  a-Ni(OH)2  by  using  high-resolution 
synchrotron  XRD,  XAFS  and  TEM  analysis.  The  20%  Al  a-Ni(OH)2 
showed  the  a-Ni(OH)2 /7-NiOOH  phase  transformation  in  the 
charge-discharge  process.  The  structural  refinement  for  the  20%  Al 
a-Ni(OH)2  has  been  done  successfully  on  the  basis  of  two  phase 
models  of  the  ideal  phases  and  the  fault  ones.  The  fault  phases 
contained  a  larger  amount  of  intercalated  potassium  ions  and  H20 
(OH-)  molecules  than  the  ideal  ones.  The  aluminum  ions  occu¬ 
pied  both  nickel  sites  and  18h  sites  in  the  interlayer.  The  20%  Al 
a-Ni(OH)2  became  unstable  in  the  long  charge-discharge  process 
because  the  aluminum  ions  on  the  18h  sites  would  be  migrated 
from  the  bulk  to  the  surface. 
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